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Introduction
Indian cement industry witnessed an unprecedented growth as a sequel to government's liberalization policy initiated in the form of partial decontrol in 1982, subsequently culminating in total decontrol in 1989. India has progressed from being the world's eighth largest cement producer in 1979-80 to being the second largest producer at present. However, this huge growth in cement production has exacted a heavy price in the form of massive energy utilization. Among the energy intensive industries in India, cement industry happens to be highly energy-intensive with the second highest share in fuel consumption (15.60%), after Iron a nd S teel (18.10%), mostly in the form of coal utilization. Its expansion could not have been achieved without a substantial increase in energy input, especially in the form of coal combustion.
This has resulted in severe environmental problems not only in the coal mining regions but also around the cement producing plants. In addition, India's annual emission of green house gases from the cement industry has increased from 7.32 mt in 1993 to 16.73 mt in 2003 and its share in total carbon dioxide ( ) 2 CO emission by India has increased from 3.3% to 4.8% during this period (ICRA, 2006) . This raises the question how environmentally efficient Indian cement industry is with respect to carbon dioxide emission.
Globally, cement industry contributes 5% of the total 2 CO generation. Of all the other green house gases, carbon dioxide per se contributes to a very large extent to the global warming process.
Anthropogenic activities, primarily the combustion of fossil fuels and the resultant carbon emissions have led to a significant warming of the global climate (IPCC 1 , 1995) . If India wants to further develop this industry without creating much pressure on its scarce resource as well as on its environment, it is necessary to put in substantial efforts in terms of increasing energy use efficiency and thereby reducing carbon dioxide emissions.
However, in the Indian context, not much attention has been devoted to examine the issue of energy related 2 CO emission in general and industrial emission analysis in particular. Paul and Bhattacharya (2004) used decomposition method to decompose the observed changes in the energyrelated 2 CO emissions into four factors: pollution coefficient, energy intensity, str uctural changes and economic activity. The results of their study show that economic growth has the largest positive effect on 2 CO emission changes in all the major economic sectors. Emissions of 2 CO in industrial and transport sectors show a decreasing trend due to improved efficiency and fuel switching. The study of Nag and Parikh (2000) also tries to analyze the impact of different factors such as activity levels, structural changes, energy intensity, and fuel mix and fuel quality on the changes in the aggregate carbon intensity of the economy for the period 1970 -1995 . Srivastava (1997 presents some indicators of energy use in India including per capita energy consumption levels, the structure of energy consumption as well as the efficiency of its utilization over the recent decades.
Reviewing the existing studies of energy related 2 CO emission in the Indian context, we can conclude that the studies have considered the observed level of 2 CO emission as given and try to identify the factors affecting it. Since carbon dioxide is an undesirable by -product generated as a result of combustion of fossil fuels, efficiency of 2 CO management can be better analyzed within a joint production framework of both desirable and undesirable output. Following the recent developments in Data Envelopment Analysis (DEA) literature, carbon dioxide can be incorporated into the production function either as an input or as an undesirable output. To the best of our knowledge, none of the studies in India has examined the issue of energy related 2 CO emission in this fashion. The present study makes an attempt to construct an environmental performance index in terms of 2 CO emission, which we consider as environmental efficiency of the Indian cement industry across different states.
Within the production theoretic framework, we have considered carbon dioxide as an environmentally detrimental input in one context and as an undesirable output (by-product) in the other.
The paper is organized as follows. Section 2 presents different kinds of DEA model formulation for measuring environmental efficiency. Section 3 discusses the data and modeling issues. Section 4 presents empirical results and section 5 provides concluding remarks.
Measuring environmental efficiency using DEA Carbon dioxide as an environmentally detrimental input
One strand of literature considers emitted 2 CO as one of the inputs in the production function. If emissions are treated as inputs, they serve as a proxy for the use of environment in the form of its assimilative capacity. An increase (decrease) in the quantity of a pollutant emitted represents an increase (decrease) in the use of environment's purification services ( re a F & & et al 2007) . Pittman (1981) , Cropper and Oates (1992) and Reinhard et al (2000) followed this approach of considering emissions as input. They specify a production function which includes a vector of conventional inputs and the quantity of waste discharge. Waste emissions are simply treated as another factor of production. According to this line of research, emissions are considered as inputs because like inputs, reduction in these emissions also results in reduced output. But in case of emissions, reduction in output occurs not because emissions have productive use but because firms divert some of their productive resources towards reducing emissions. When we consider carbon dioxide as an input in the production process, the environmental efficiency is defined in either of the two following ways. In the first case, it is defined as the ratio of minimum feasible to observed levels of inputs, conditional on observed level of inputs. In other words, it is computed as the ability of a decision making unit (DMU) to contract both conventional and environmentally detrimental input (here 
(1)
where j is indexed as firm.
Model 1 assumes that the objective of the firms is to reduce all inputs to the largest extent possible by same proportion. Note that inequality (iii) ensures that the resultant output is no lower than what is actually being produced. Inequality (iv) 
The objective here is to reduce only the environmentally detrimental input, carbon dioxide, to the maximum extent possible. In doing so, it is not required that other inputs also be reduced.
However, inequality (ii) ensures that the other inputs are not increased at the optimum solution.
Inequality (iii) ensures that output produced at the optimum le vel is no lower than what is actually being produced. Unlike model (1), model (2) provides for non-radial input-oriented measure of technical efficiency that allows for radial contraction of only environmentally detrimental inputs. Models (1) and (2) are appropriate for measuring environmental efficiency when the underlying policy objective is to reduce emissions of carbon dioxide and maintain the quality of environment. In model (1), all inputs are required to be reduced simultaneously while the focus of model (2) is to reduce the emission of carbon dioxide only to the largest extent possible.
Carbon dioxide as an undesirable bad output
The two models, described in the earlier section, consider pollutant as an input in the form of using purification service s of the environment. However, this approach has a major drawback because in this approach each unit of pollutant emitted is assumed to use the same quantity of purification services regardless of where or when the emissions are produced. Due to these technical problems, most of the recent studies avoid considering pollution as an input in the production process. Another body of literature (e.g., Taskin and Zaim, 2000; Zaim and Taskin, 2000) estimates environmental efficiency (considering only undesirable output) and industrial efficiency (considering only desirable output) separately and then take a ratio of the two to calculate efficiency of the production unit in the presence of undesirable output; but this method implicitly assumes that production of undesirable output is independent of the production of desirable output, which calls for further improvements (Watanabe and Tanaka, 2007) .
The other strand of literature models the production of desirable and undesirable output in a joint production theoretic framework and extends the traditional analysis of efficiency (Farrell, 1957) .
The notable contributions include the pioneering work by & et al (1989) . They treat environmental effects as undesirable outputs while developing a hyperbolic efficiency measure defined as the ability of a producer to a simultaneous increase in desirable outputs and reduction in undesirable output by same proportion. They assume both strong and weak disposability condition regarding the disposal of undesirable output and use nonparametric Data Envelopment Analysis (DEA) to construct the bestpractice production frontier for calculating hyperbolic efficiency (i.e., graph efficiency) measure based on the frontier. & et al (1993) also treat pollution as an undesirable output and introduce the use of parametric mathematical programming to calculate hyperbolic efficiency measure and shadow prices of undesirable output. But the hyperbolic efficiency measure does not assume "null-jointness" of desirable and undesirable output which is the more realistic assumption to reflect that any production of desirable output should be accompanied by a positive production of undesirable also.
More recently, the directional ( 
The output set is assumed to have the following properties. The first is "null-jointness" which implies that production of a positive amount of desirable output must be accompanied by some amount of undesirable one. Formally, null-jointness implies that:
The second assumption is that desirable and undesirable outputs are jointly weakly disposable:
This implies that a reduction in undesirable output is not possible without reducing the desirable output. So disposal of undesirable output may not be a free activity. In the face of environmental regulation, reducing undesirable output involves a cost in terms of forgone desirable output. The third assumption is known as strong disposability of desirable output:
This implies that desirable output can be reduced without reducing the undesirable one. So in our model, desirable and undesirable outputs are treated asymmetrically in terms of their disposal. Fig.1 depicts the output set, ( ) x P , for a case of one desirable output and one undesirable output. Both weak and strong disposability are assumed with respect to the disposal of undesirable output and it is also assumed that under weak disposability of undesirable output firms face environmental regulation and operate under regulated technology, whereas strong disposability of undesirable output implies that disposal of undesirable output is cost free and firms operate under unregulated technology. 
Strong disposability of desirable output and weak disposability of undesirable output are imposed through inequality (i) and (ii) respectively in Model (3).
Next, we consider that the firms face no environmental regulation in terms of disposability of undesirable output. Under no regulation scenario, disposal of undesirable output is a free activity, i.e. 
Where strong disposability of undesirable output has been introduced transforming the equality (3)-(ii) into the inequality (4)-(ii).
Construction of the production frontier
Now, we need to discuss the construction of the production frontier based on which efficiency is measured. First of all, we assume that variable returns to scale hold. Secondly, for each year, we construct a ' sequential frontier' which assumes all current and past observations as feasible. . The capital input is measured as a stock by taking the value of fixed capital, deflated by the wholesale price index for machinery and machine tools. Labor is measured by the total number of production workers. Energy is measured by the expenditure on fuels deflated by the wholesale price index for fuel, power, light and lubricant. Similarly, the material input is measured by the expenditure on materials, deflated by wholesale price index for non-metallic mineral products. All inputs and outputs are divided by the total number of factories in a particular state so that we can examine environmental efficiency of a 'typical firm' within each state. 6 Descriptive statistics of the variables are presented in Table 1 . (a) Energy consumption data in million tones of oil equivalent (MTOE) is converted to terajoules (TJ) unit using standard conversion factors.
(b) Total carbon emission (tones of carbon), TC, is estimated by multiplying fuel the fuel consumption (terajoules) by the carbon emission factor (TC/TJ) of the corresponding fuel.
(c) Total carbon emission is then multiplied by the fraction of carbon oxidized and the molecular weight ratio of carbon dioxide to carbon to find the total carbon dioxide emitted from fuel combustion. While the objective in Model (1) is to contract all inputs, the objective of the firms could be to simply minimize carbon dioxide to the largest extent possible without increasing any other inputs or reducing output. Environmental efficiency based on this definition is estimated using Model (2). The results from this model are presented in However, by focusing on the carbon dioxide input only, m odel (2) allows for greater potential for emission reduction at the optimal solution. The environmental efficiency measures, obtained from the earlier two models, are based on the assumption that carbon dioxide is an input in the production process. Since this assumption is not consistent with the production theory, we have next estimated environmental efficiency of the firms by considering carbon dioxide emission as an undesirable output using model (3) and model (4). These models estimate the value of directional distance function representing environmental inefficiency. Table   4 and Table 5 present values of directional distance function under weak and strong disposa bility assumption respectively. Table 4 shows that the average value of the distance function obtained from model (3), which assumes weak disposability of undesirable output, is 0.0782 implying that it is possible to increase the desirable output by 7.82% and contract the undesirable output by 7.82% without increasing the inputs. Therefore, environmental efficiency from weak disposability model is 92.18%. Once again states like Gujarat, Kerala, Punjab, Uttaranchal, Uttar Pradesh, Himachal Pradesh, and West Bengal achieved 100% environmental efficiency in each year because the average values of directional distance function in each year were zero for these states and Tamil Nadu and Jammu& Kashmir achieved environmental efficiency close to 100% with average value of distance function being 0.0144 and 0.0005 respectively.
Empirical Results
On the other hand, Table 5 shows average value of the distance function obtained from model (4) which assumes strong disposability of the undesirable output with the average value of the distance function being 0.0883 implying a possibility of increasing the good output by 8.83% and reducing the bad by 8.83% without increasing the inputs. Therefore, environmental efficiency from strong disposability model is 91.17%. The states, which were 100% efficient in earlier models, are found efficient in this model also. But states like Andhra Pradesh, Madhya Pradesh, Karnataka and Bihar show the lowest level of environmental efficiency in both model (3) and model (4). In both the models, average value of the directional distance function increased in 2004-05 as compared to the value in the initial year implying an increase in inefficiency or decrease in efficiency. 
Concluding remarks
Cement production requires massive utilization of energy, mostly in the form of coal, resulting in the generation of a considerable amount of carbon dioxide emission as an undesirable by-product. Thus, this paper makes an attempt to estimate environmental efficiency of the Indian cement industry within a joint product ion framework of desirable and undesirable output using different types of DEA models.
In one context, carbon dioxide is considered as an input in the production process with the environmental efficiency being defined as the abi lity of a producer to reduce carbon dioxide emission without reducing the desirable output, whereas, pollution is considered as an undesirable by -product in the other context with environmental efficiency being defined as the ability of a producer to simultaneously expand the desirable output and contract the carbon dioxide emission by the same proportion without increasing inputs. For a detailed exposition of DEA, see Ray, 2004 and Coelli et.al. 1998. 3 The concept of 'sequential frontier' has been used by Mukherjee (2008) also. 4 We assume no technical regress because of the short span of our study period where technical regress may not be a conceptually valid assumption. Moreover, the assumption of no technical regress seems to make sense for the sample years under study during which the Indian industrial sector has mostly achieved significant improvement in technology (Mukherjee, 2008) .
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In our study 2 co emissions data has been constructed from fuel consumption data and emission factor. So level of emission is a linear function of fuel used. This may raise some doubts about the rationale for including both energy and 2 co emission in a DEA model. Since 2 co emission is a major by product of energy use, we include both in a production framework to offer a more realistic and specific characterization of the entire production process (Zhou et al 2008) .
6 This approximation of getting firm level data from the industry is not absolutely perfect because, here we are assuming that all firms in a particular state produce equally using equal amount of inputs. In the absence of firm level data within the states, we have used this kind of approximation. Mukherjee (2008) , in the context of Indian manufacturing, also used the same approximation.
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This section draws heavily from Paul and Bhattacharya (2004 
